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While the properties of wurtzite GaAs have been extensively studied during the past decade, little is known about the influence of the crystal polytype on ternary (In,Ga)As quantum well structures. We address this question with a unique combination of correlated, spatially-resolved measurement techniques on core-shell nanowires that contain extended segments of both the zincblende and wurtzite polytypes. Cathodoluminescence spectral imaging reveals a blueshift of the quantum well emission energy by 70-80 meV in the wurtzite polytype segment. Nanoprobe x-ray diffraction and atom probe tomography enable k · p calculations for the specific sample geometry to reveal two comparable contributions to this shift. First, In incorporation is reduced from 15.3% on zincblende to 10.7% on the wurtzite segment. Second, the quantum well is under compressive strain, which has a much stronger impact on the hole ground state in the wurtzite than in the zincblende segment. Our results highlight the role of the crystal structure in tuning the emission of (In,Ga)As quantum wells and pave the way to exploit the possibilities of three-dimensional bandgap engineering in core-shell nanowire heterostructures. At the same time, we have demonstrated an advanced characterization toolkit for the investigation of semiconductor nanostructures.
This study investigates the influence of the crystal phase on the emission characteristics of (In,Ga)As quantum wells (QWs) on GaAs nanowires (NWs). Ternary group-IIIarsenide core-shell QWs have shown great promise in NW-based emitters/lasers [1] [2] [3] [4] and detectors/solar cells. [5] [6] [7] [8] Notably, (In,Ga)Asbased emitters have the potential to operate at the so-called telecommunication band; 9 such a combination of nanoscale emitters with Si waveguides promises to revolutionize the speed and energy efficiency of on-chip information transfer. 10 Recently, key steps towards nanophotonic on-chip integration of such devices on Si were demonstrated. [11] [12] [13] In this context, GaAs NWs act as a substrate for QWs, with the entire structure acting as a waveguide to confine light.
When GaAs is grown in NW form, one can access both the equilibrium zincblende (ZB) and the metastable wurtzite (WZ) crystal phases, [14] [15] [16] [17] and advances in understanding NW growth 18, 19 have recently enabled control over the polytype by both metalorganic vapor phase epitaxy 19, 20 and molecular beam epitaxy (MBE). 21 The distinct optical and structural properties of the WZ polytype provide an intriguing opportunity for band gap engineering using polytype junctions. 22 Indeed, studies of binary GaAs NWs have established that the band gaps of both polytypes, though similar, 23, 24 are offset at interfaces. 16, [25] [26] [27] However, little is known on the influence of the crystal phase on the band structure of important ternary alloys such as (In,Ga)As. 28 Beyond the influence of crystal phase, engineering the optical properties of NW-based QWs requires a detailed understanding of how composition, QW width, and the associated interface strain impact the band structure, [2] [3] [4] 29, 30 necessitating an integrated approach to nanoscale characterization.
Here we employ a unique combination of spatially resolved measurement techniques, together with k · p calculations, to provide a correlative structure-property analysis on the level of single NWs. We grow GaAs NW cores with a WZ segment on a ZB base to overgrow circumferential WZ and ZB (In,Ga)As QWs under identical conditions, exploiting the transfer of the core polytype to the shell. [31] [32] [33] Using cathodoluminescence (CL) spectroscopy and electron back-scatter diffraction (EBSD), we observe a 70-80 meV blueshift of the QW emission energy in the WZ segment. A combination of atom probe tomography (APT), coherent x-ray nanodiffraction, and theory enables two dominant contributions to the blue-shift to be identified. First, the In content of the WZ QW is lower than that of the ZB QW, while the QW thickness remains unchanged. Second, compressive strain in the QW induces distinct shifts in the valence band energy in the WZ and ZB segments. Our findings can guide future work on NW core-shell heterostructures for a range of applications that exploit quantum confinement and polytype phase engineering.
Results and Discussion
GaAs NWs were grown by MBE using the Ga-assisted vapor-liquid-solid growth mode, 34, 35 and then radially overgrown with shells to form heterostructures. 2 As illustrated in the inset to Fig. 1(a) for sample A, a p-doped GaAs core is followed by an (In,Ga)As QW (≈ 15% In) sandwiched between two nominally undoped (intrinsic) GaAs layers. The QW is capped with an n-doped GaAs outer shell, resulting in a facet-to-facet diameter of about 260 nm. For measurements that require smaller diameter NWs, sample B was grown with a reduced core and capping layer thickness (without doping), leading to an overall NW diameter of about 145 nm. An overview of the as-grown NW ensemble A is given by the scanning electron micrograph in Fig 1(a) ; superimposed are two monochromatic CL maps of the QW emission for energies of 1.35 and 1.39 eV, which highlight the presence of segments emitting at different energies. The origin of this shift in emission energy and its correlation with the crystal structure are (a) investigated in the current study. Correlation of crystal structure and emission properties. The crystal structure of the NW heterostructure was investigated with spatially resolved EBSD and x-ray nanodiffraction, correlated directly with CL, and independently confirmed by transmission electron microscopy (TEM). Firstly, the variations in crystal structure along the NW were determined by EBSD in a SEM for single, dispersed NWs of sample A, mapping the crystal structure and orientation across the central part of the upward-facing side facet. While the crystal orientation is constant, we consistently observe a transition from ZB to WZ polytype as exhibited by the representative NW in Fig. 1(b) . The base of the NW consists of an about 1 µm long ZB segment, followed by about 300-400 nm of the WZ polytype. The cap of the NW (≈ 300 nm) exhibits a more complex faceting in the micrograph and an indeterminate structure due to an insufficient quality of the Kikuchi patterns in the EBSD measurements. Figure 1 (c) schematically illustrates the structure, where the QW shell (yellow) and capping layer are known to adopt the crystal structure of the NW core. [31] [32] [33] The ZB to WZ transition occurs due to a change in growth conditions. The ZB polytype is grown with a relatively low V/III flux ratio. 16, 36 Towards the end of the core growth, the Ga flux is terminated, leading to the consumption of the Ga droplet. 37, 38 As the droplet shrinks, the contact angle to the NW sidewalls is reduced, leading to the nucleation of the WZ polytype. 19, 39 Finally, the cap region results from axial growth during the deposition of the radial shells. The cap is non-emissive and therefore not the focus of the present study.
The crystal structure was spatially correlated with the (In,Ga)As QW light emission from the same NW using low-temperature CL spectroscopy. Figure 1 (d) presents a spectral line-scan along the axis of the NW in Fig. 1(b) . Emission bands are observed at 1.345 and 1.375 eV, and their intensity maxima coincide with the locations of the ZB and WZ segments, respectively. Therefore, the two bands originate from QWs with different crystal structures. A much weaker CL signal around 1.48 eV (not shown), corresponding to the GaAs core, is observed along both the ZB and WZ segments, which confirms the efficient carrier transfer from the core to the QW independent of the crystal polytype. The upper end of the NW does not show any significant luminescence, indicating strong nonradiative recombination in this part of the NW.
A more in-depth analysis of the crystal structure was obtained from synchrotronbased x-ray nano-diffraction (nanoXRD) measurements. Figures 2(a) and (b) show a SEM micrograph and a map of the Ga-K edge x-ray fluorescence (XRF) (taken in conjunction with nanoXRD) for the same representative NW from sample A, enabling spatial alignment of the CL and XRD measurements. The integrated diffraction intensity of one of the measured Bragg conditions, (1010), is presented in Figure 2 (c). The equivalent to the WZ (1010) reflection is forbidden for the ZB polytype, allowing us to map the position of the WZ segment (about 200-300 nm long) in the NW. Figure 2 (d) shows a map of the CL peak energy, where again a blueshift of the peak emission from 1.345 eV in ZB to 1.380 eV in the WZ segment is obtained.
In addition, nanoXRD is sensitive to the presence of defects in the crystal stacking order of the WZ region. Fig. 2 (e) shows distinctive diffraction patterns originating from the center of the WZ segment and close to the ZB interface, as marked in Fig. 2(c) . The diffraction pattern for the center of the WZ region (magenta) appears as a sharp isolated peak indicative of a pure, or nearly pure, WZ crystal. In the transition region close to the ZB interface (cyan), the diffraction spreads to high q y due to the interference between stacking variations that are smaller than the size of the projected beam. [40] [41] [42] This structure was observed in all eight NWs measured by nanoXRD. Indeed, a high density of short, alternating segments of WZ and ZB stacking, including stacking faults (SFs) and twins, have been reported for the transition from the ZB to the WZ phase. 35, 36, 39 At the same time, the central part of the WZ segment appears to be mostly free from SFs, as independently confirmed in Fig. 2 (f) by TEM for a NW of sample B. Figure 2 (g) displays CL spectra for the WZ and ZB segment, highlighting that the QW emission from the WZ segment is blueshifted, broadened and can be more intense with respect to the ZB region. For the interpretation of the CL measurements, it is important to keep in mind that carriers are excited locally within the scattering volume of the electron beam, but the light is collected from a much larger area. Thus, carriers diffusing to and recombining at a region with lower emission energy will still be attributed to the beam position. Normally, even for QW structures, the III-arsenides have a sufficiently large diffusivity that most carriers excited in the WZ segment should reach the lower energy ZB QW. 43, 44 Nevertheless, we see a clearly blueshifted transition for the WZ QW. Apparently, the stacking defects in the transition region serve as a barrier limiting carrier diffusion to the lower energy segment. We note that the centroids of the WZ and ZB CL bands are separated by 40 meV, though the sources of broadening and line shapes of these peaks merit a careful consideration (discussed here), and motivate verification via experiment-informed k · p calculations (detailed in the next sections). In this material system, the QW emission is inhomogeneously broadened from fluctuations in the composition of the ternary alloy and of the QW width, which introduce carrier localization centers in the QW plane. A significant additional broadening is also present in our data, evidenced by the high energy tail of the ZB band and from the multiplicity of peaks when exciting the WZ segment. The different origins of the broadening in the two polytypes must be considered to infer the blueshift one would expect from pure segments.
Firstly, the peak of the ZB band is shifted towards higher energies due to the high ex- The markers highlight our estimate of the energy difference between the QW emission from pure WZ and ZB segments. citation density of the electron beam in CL, which results in the saturation of localized states. The additional contributions probably even include higher excited states in the QW. Therefore, we attribute the low energy slope of this broadened emission band to the QW emission in the ZB segment, as highlighted by the orange marker in Fig. 2(g) .
Secondly, the strong inhomogeneous broadening in the WZ emission band can be attributed to carriers diffusing to the defective region between the two segments. It has been observed that SFs constitute crystal phase QWs, 16, 17, 45 and when superimposed with a compositional core-shell QW, can act as quantum rings, resulting in an up to 50 meV red-shift of the emission with respect to the compositional QW. 33 Carrier localization at the quantum rings could also explain the increase in emission intensity in the WZ as compared to the ZB segment. The significant broadening of the WZ band is therefore consistent with the red-shift from carriers diffusing to the quantum rings, indicating that the emission of the QW in the pure WZ region produces the higher energy slope, as highlighted by the blue marker in Fig. 2 (g). Note that, in contrast to ZB, the carrier diffusion to the quantum rings effectively reduces the excitation density in the WZ QW.
Taking these effects into account, we estimate that the WZ QW emission is blueshifted by 70-80 meV with respect to that of the ZB QW. This estimate is based on inferring the energies of the QW emission lines for WZ and ZB that are unbroadened and unshifted in a manner consistent with previously observed phenomena. Importantly, the validity of this analysis can be tested and deeper insights can be attained by invoking further experiments, analyses, and calculations, as presented in the following.
Influence of the polytype on the QW growth. The shift in emission energy be- tween the QWs on the WZ and ZB NW segments could arise from differences in the band structure of the two polytypes. 46, 47 However, the difference in crystal structure could modify the growth of the QW, resulting in a difference in QW composition, thickness, or strain state, each of which would influence the emission. Here, either thinner QWs or a lower In content on the WZ segments would lead to a blueshift as observed. In order to deconvolve the influence of QW composition and morphology from that of the crystal structure, APT measurements, which provide a three-dimensional, spatially-resolved view of the NW heterostructure, were correlated directly with CL. Sample B was used for APT, as the large diameter of the NWs from sample A would require very high voltages for evaporation leading to a high probability of fracture. As APT is destructive, CL measurements were carried out prior to the APT analysis. NWs were isolated using a tungsten micro-manipulator tip in a dual-beam SEM. In order to align the limited radial field of view of APT with the QW region, the NW was intentionally tilted when mounting (see Supporting Information), such that mainly one side facet of the NW is probed. This specific geometry allowed us to probe the QW along a length of 400-500 nm and thus measure both the WZ and ZB regions in a single wire. A 2D slice in the center of the reconstructed NW is shown in Figure 3 (a) (for a 3D animation of the APT data, see Supporting Information). At the top of the NW, axial GaAs and (In,Ga)As segments are visible, corresponding to the lengthening of the NW during growth of the QW and outer shell layers. Below this region, a single facet of the (In,Ga)As QW can be seen. To further outline this QW, the isosurfaces corresponding to a mole fraction of 8% In are highlighted. The right panel in Figure 3 (a) shows an isosurface contour for 13% In mole fraction, in which the interior of the contour has been filled in (yellow). From this contour, it is clear that there are compositional variations along the length of the QW. In particular, the In content is lower in the upper part of the probed QW. The cross-sectional views in 3(b) are taken from the purple and orange boxes in 3(a). The purple box coincides with the region of higher emission energy in CL as shown in 3(d), suggesting it corresponds to the WZ segment of the NW. The 2D in-plane mole-fraction maps in 3(b) give a more detailed view of the differences between the QW in the WZ and ZB regions. The maximum In mole fraction is about 4% lower in the WZ region compared to the ZB region. Though the morphology of the QWs varies, with less defined 1010/112 corners in the WZ region, the full width at half maximum (FWHM) of the In profile across the QWs is unchanged at an average of 4.6±0.5 and 4.7±0.3 nm for WZ and ZB, respectively. Figure 3 (c) gives representative 1D profiles of the In content along the 110 direction for both the WZ and ZB regions. The profiles were taken from the center of the QWs as marked by the blue dashed line in 3(b) and fit by Gaussian profiles (dashed curve) to extract their maxima. Maxima from four spots along the QW azimuth were averaged, and the averaged maxima along the length of the NW are plotted in Fig. 3(e) . The profile establishes the extent of the difference in In content: the minimum WZ In content (10.7%) is ≈ 4.6% lower than the average ZB content (15.3±0.9%). This profile is spatially aligned with the CL map in 3(d). Neglecting the defective cap segment, the In content in the ZB shows small fluctuations about a welldefined mean. In contrast, the WZ segment exhibits continuous gradients in composition from the interface regions to the center of the segment, which correlate well with the shifts in emission energy seen in Figs. 1(d) and 2(d) , as well as the inhomogeneous broadening.
An influence of the underlying polytype on the shell composition and thickness in NWs has previously been reported for different III-V material combinations such as GaAs/InAs, 48 GaAs/(Al,Ga)As, 49 InAs/InP, 50 and GaAs/ Ga(As,Sb). 51 It is evident that (In,Ga)As/GaAs also exhibits this behavior, as the presence of the WZ segment results in a ≈ 4.6% lower In content as compared to the ZB.
Simulations of shift in emission energy. In order to calculate the difference in emission energy, we must also consider the possible influence of QW strain. Therefore, nanoXRD measurements of the relative dspacing along the NW axis 52, 53 were performed on NWs from sample A [example in Figure 4(a) ]. Within the accuracy of the experiment, the a-plane spacing [(2110)/(202)] is unchanged along the whole NW. In contrast, the c-plane spacing [(0002)/(111)] is increased by 0.9±0.2% in the WZ segment. Finite element calculations (FEM) based on literature values for the lattice spacing in binary WZ and ZB GaAs NWs 54 predict a change in c-plane spacing of 0.8%. Given the limited accuracy of the experimental data, we conclude that this difference in the c-plane spacing is primarily due to the change in crystal structure. Further, FEM suggests that changes in the thickness or composition of the (In,Ga)As QW lead to minimal changes of the strain state of the GaAs core (see Supporting Information). Therefore, though the (In,Ga)As QWs are compressively strained from the surrounding GaAs, we conclude that the variation in residual strain between the QWs grown on WZ versus ZB can be neglected. Now, understanding the composition, morphology, and strain in the QW, as well as the crystal structure of the NW, we can simulate the electronic characteristics of the QWs in the WZ and ZB phase via k · p calculations. First, we have independently modeled the electronic properties of the ZB and WZ segments based on their equilibrium lattice constants (see Supporting Information for a careful evaluation of the employed material parameters). Second, for both the WZ and ZB polytype, the composition of the In x Ga 1−x As shell QW has been systematically varied and the resulting transition energy, defined as en-ergy difference between electron and hole ground state E(Ψ 0 el ) − E(Ψ 0 ho ), is shown in Fig. 4(b) . Because excitonic effects and the role of the excitation density are not taken into account, the absolute transition energies are not expected to be reproduced, but the relative changes should be fairly accurate.
Experimentally, we observe a maximum change in In content between the QW on the WZ and ZB segments of 4.6%, accompanied by a 70-80 meV shift in the transition energy. According to the calculations, a shift of 30-45 meV can be attributed to the 4.6% change in QW composition, depending on whether we take the band parameters for WZ or ZB [marked by dashed lines in Fig. 4(b) ]. However, the k · p calculations also predict that an additional 50-65 meV shift results from the difference in band structure between the ZB and WZ polytypes. This is a significant finding, as an interpolation of the experimentally-observed band gaps in binary alloys would predict a shift of only 10 meV in unstrained In 0.15 Ga 0.85 As. 23, 24, 55 However, for an In content of 15%, the ternary QWs experience a compressive strain of about 1.1% from the lattice mismatch with the GaAs core and outer shell. The opposing impact of this strain on the valence band energies in WZ and ZB (In,Ga)As accounts for the remaining shift in energy. Through the crystal field splitting, the heavy hole valence band dominates in WZ (in contrast to the light hole band in ZB) and is shifted to lower energies; a similar effect has been observed when mechanically introducing strain in binary ZB and WZ GaAs NWs. 56, 57 In addition, for our QW structures, the different nature of the valence band in WZ also enhances the confinement of the hole states, introducing an additional increase of the transition energy (see Supporting Information for further details).
The combination of the strain effect on the band structure and the change in In content add up to a predicted blueshift of about 95 meV. The slight overestimation compared with the experiment can be attributed to uncertainties concerning the employed WZ band parameters.
Summary and Conclusions
In summary, the concurrent growth of (In,Ga)As QWs on adjacent ZB and WZ templates in the form of GaAs NW cores, together with a suite of spatially-correlated single NW measurements, allowed us to establish the influence of the crystal polytype on the growth and emission properties of these ternary QWs. For the WZ QW, we find a reduced In mole fraction and an enhanced influence of strain on the band structure through a shift in the valence band. Both of these factors contribute to the observed blueshift in emission energy. The influence of carrier localization at the stacking defects in the ZB/WZ interface boundary region, as well as spatial variations in In mole fraction explain the inhomogeneous broadening of the WZ QW emission peak. In consequence, the peak centroid shift of ≈ 40 meV underestimates the difference between the QW transition energies in WZ and ZB, which we estimate to amount to 70-80 meV. Note that this correlative approach can be applied to a variety of open questions concerning the properties of semiconductor nanostructures.
Previously, the emission behavior between WZ and ZB binary GaAs has been studied in detail. However, in NW optoelectronic applications, core-shell heterostructures with ternary QWs are much more relevant. Our correlative analysis deconvolves the effects of composition and strain in ternary (In,Ga)As QWs, showing that the difference in emission energy between the WZ and ZB QW regions is much larger than for binary GaAs as a consequence of the compressive strain on the QW. We thereby establish key design principles for the application of crystal properties in engineering III-As emitters.
Methods
Growth. The investigated samples were grown by molecular beam epitaxy (MBE) on p-type B-doped Si (111) wafers covered with the native oxide. The MBE system is equipped with one In and two Ga effusion cells, as well as Be and Si effusion cells for dopants and two valved cracker sources for supply of As 2 . An optical pyrometer was used to measure the substrate temperature. Fluxes were calibrated and expressed in terms of an equivalent growth rate on the GaAs (001) surface in monolayers per second (ML/s). Before growth, the Si substrates were annealed in the growth chamber for 10 min. at 680 • C. Then, the substrate temperature was adjusted to 645 • C for the growth of the GaAs NW core by the self-assisted vapor-liquidsolid (VLS) method. The core growth 58 was initiated by the deposition of Ga for 30 s at a flux of 1.3 ML/s. After a 60 s ripening step without flux, the Ga and As 2 fluxes were supplied simultaneously at a Ga flux of 0.3 ML/s and a V/III flux ratio of 2.2-2.8. 59 The growth time was 30 min., after which the Ga shutter was closed and the VLS Ga droplets on top of the NWs were consumed by crystallization to GaAs under an As 2 flux of 4 ML/s. Subsequently, the substrate temperature was reduced to 420 • C for the lateral shell growth under a V/III flux ratio of 20, conditions that limit adatom diffusion on the NW sidewalls. 2 Two different samples, A and B, with the following multi-shell structure were grown:
Sample A: A full light emitting diode (LED) structure consisting of a radial p-i-n structure. The GaAs NW core is doped p-type using Be and has a diameter of about 100 nm. The multi-shell structure consists of (from the core to the outer shell) a 10 nm thick undoped GaAs shell, a 10 nm thick In 0.15 Ga 0.85 As QW shell, another 10 nm thick undoped GaAs shell and a 50 nm thick n-type GaAs outer shell doped with Si.
Sample B: To reduce the NW diameter for the APT measurements, sample B consists of a 85 nm thick undoped GaAs NW core with a multi-shell structure consisting of a 10 nm thick In 0.15 Ga 0.85 As QW shell and a 20 nm thick undoped GaAs outer shell.
Electron backscatter diffraction. EBSD in a SEM allows to determine the crystal polytype of extended segments in GaAs NWs. 60 To this end, a Zeiss Ultra 55 field-emission SEM equipped with an EDAX/TSL EBSD system was operated at an acceleration voltage of 20 kV and a beam current of 1.7 nA. NWs were dispersed on a Si substrate covered with Au-markers to facilitate subsequent CL measurements on the same NW. The sample was tilted at 70 • and the axis of the probed NW was aligned along the vertical direction. The recorded Kikuchi patterns were automatically indexed using the provided routines of the manufacturer. Note that each of the correlations presented in the manuscript was verified on several NWs to ensure that the conclusions we draw can be generalized.
Cathodoluminescence spectroscopy. CL spectroscopy was carried out in the same SEM, which is also equipped with a Gatan monoCL4 system, at an acceleration voltage of 5 kV and beam currents of about 500 pA. A diffraction grating with 600 lines/mm blazed at 800 nm was used in conjunction with a slit width of 0.5 mm (spectral maps) and 2 mm (monochromatic maps). The luminescence was detected by a photomultiplier tube (PMT) for monochromatic maps and by a charge-coupled device (CCD) for spectral maps. Spectral line-scans along the axis of single NWs were collected by recording the luminescence spectra using the CCD at each dwell point of the electron beam. Note that the PMT is close to the limit of its detection range for the probed QW emission, whereby shifts in the emission energy from NW to NW and between the WZ and ZB segments can have a significant impact on the recorded intensity in Fig. 1(a) . The samples were cooled to 10 K using liquid He with a dedicated stage. The correlation to EBSD and nanoXRD was carried out on dispersed NWs from sample A. Prior to the APT measurements, asgrown NWs close to the cleaving edge of sample B were measured with the sample mounted at an angle of 90 • . The positions were documented by overview micrographs to facilitate harvesting of these very NWs. CL data analysis was performed using routines based on the python library hyperspy. 61 Nanoprobe x-ray diffraction. Nano-diffraction measurements were performed at the Hard X-ray Nanoprobe beamline 26-ID-C of the Advanced Photon Source at Argonne National Laboratory. Simultaneous x-ray fluorescence mapping of the Ga K-edge (10.367 keV) was used to locate the NWs, which were randomly dispersed on a 10 µm thick Si substrate transparent to hard x-rays. A nanofocused beam of ≈ 25 nm diameter was scanned across the NWs, and diffraction patterns for a specific Bragg reflection were measured on a 2D CCD detector placed 0.8-0.9 m away from the sample. A total of eight NWs were measured at 2-3 different Bragg conditions each. NWs oriented in two different directions on the substrate were measured, which gave access to different Bragg reflections. The first set of NWs, which includes NW A2 from Figure 2 , were investigated at the a-plane condition of (2110) and the m-plane (1010) reflection (forbidden for ZB). The second set of NWs, including NW A3 from Figure 4(a) , was investigated at the same (2110) reflection, but also at the c-plane condition of (0002) and the (1011) reflection, which has components of both c and m-planes (forbidden for ZB). Whereas the first set of NWs did not allow access to the c-plane reflection, they gave a better view of the stacking order using the m-plane reflection. Atom probe tomography. Samples for APT were prepared by a multi-step transfer method in a SEM (see Supporting Information for images). 62 First, a sacrificial NW was Pt welded to the end of a tungsten micromanipulator tip. The sacrificial NW was then welded to the base of the NW of interest that was standing vertically (as grown) on the edge of a Si substrate. The NW was then pulled off the substrate, the SEM was vented, and the manipulator tip was rotated by hand to tilt the vertically standing NW by approximately 30 • . The NW was then Pt welded to the top of a tungsten tip standing vertically in the SEM and the sacrificial NW was broken off. The NWs were then cleaned in oxygen plasma for 3 min. The NW diameter of 145 nm (short axis) is still significantly larger than common for APT tips. In this case, mounting to tungsten tips was essential for the analysis of the NW without fracture, which was not possible using a traditional Si micropost array. APT measurements were performed in a LEAP 5000XS system utilizing a 355 nm laser, at a 30 K stage temperature, 250 kHz laser pulse rate, and a 2% detection rate. A pulse energy of 10 pJ was used to evaporate through the overgrowth layers, and then was lowered to 1 pJ, with the specimen reaching a maximum of 2.5 kV. The APT measurements are consistent for a total of three analyzed NWs.
Simulations. Elastic and electronic properties were computed using the respective modules of the Sphinx software library. 63 In this framework, we employ an eight-band k · p model for WZ semiconductor materials. 64 As the segments are long enough that we can ignore the influence of the interfaces on their elastic properties, the calculations have been restricted to 2D in-plane cuts through the NW [c.f. sketch in the inset to Fig. 1(a) ]. The calculated structure corresponds to that of sample B. The parameters of the ZB phase were transformed to the ones of the WZ Hamiltonian using the relations provided in Ref. 65 . All relevant parameters employed are summarized in the Supporting Information (using the WZ notations) together with a discussion on their reliability. Elastic strain was computed using a linear elasticity model and enters the eight-band k · p model in a similar manner as in Ref. 47 . Excitonic effects were neglected in this work and thus represent a systematic error (of about 5-10 meV 66 ) to be considered when comparing simulation results to transition energies observed in experiment.
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